ABSTRACT. The effect of the local anesthetic dibucaine on the membrane ultrastructure of sterol-manipulated Tetrahymena pyriformis (NT-1 strain) was studied by freeze-fracture electron microscopy. Dibucaine-treated, ergosterolreplaced Tetrahymena cells had marked alterations in their plasma membranes. IMP-free small depressions (exoplasmic fracture face) and protrusions (protoplasmic fracture face) were formed on the plasma membranes which was in contact with the outer alveolar membrane. In addition, large IMP-free surface "blebs" covered with hexagonally -arranged depressions and protrusions appeared on both the plasma and outer alveolar membranes. These "blebs" were pinched off when the membranes were severely affected.
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Our previous study (28) demonstrated that the plasma membrane of dibucaine-treated native Tetrahymena cells that contain tetrahymanol showed vertical displacement of its intramembranous particles and that subsequently a smooth, flat surface appeared. Therefore, the structural changes in ergosterolreplaced membranes produced by dibucaine differ strikingly from changes in the native membranes. The remarkable difference in the ultrastructural deformation of the plasma membrane probably is due to a difference in the membrane lipid composition induced by sterol-manipulation.
It is widely accepted that the physical states of membrane lipids substantially affect the important biological activities of cell membranes in the cell, and that these lipids have a major role in controlling the fluidity of the biomembranes (29) . Recently, the membrane lipid compositions of a variety of cells have been manipulated (6, 20, 31) as a technique for gaining further insights into lipids' roles in membrane structurefunction. As demonstrated in previous studies, a unicellular eukaryote, Tetrahymena is an excellent model for studying dynamic changes in the membrane lipid composition, depending upon the culture conditions used e.g., environmental temperature (10, 11, 30) , and supplementation with sterol (15), fatty acids (11), glyceryl ether (4) or phenethyl alcohol (16) . This organism also is a promising system for better understanding the functions of lipids in the membrane-associated activities of the cell.
Local anesthetics produce a wide variety of effects on biological (5, 19, 22, 28) and artificial membranes (2, 17, 18) . Generally, local anesthetics are believed to interact with membrane lipids, in particular with acidic phospholipids, to produce molecular disordering of the lipid bilayer followed by an increase in membrane fluidity (18) . Our previous freeze-fracture electron microscopic study (28) showed that the local anesthetic dibucaine induces the vertical displacement of IMPs in the plamsa membrane of Tetrahymena cells, evidence that such ultrastructural changes are caused by changes in the fluidity of membrane lipids.
To investigate the interaction between the local anesthetic and the membrane lipids in the Tetrahymena cell, we manipulated the membrane lipid composition with a supplement of ergosterol. The native sterollike tetrahymanol which is located principally in the surface membrane could be completely replaced by ergosterol. In addition to sterol modification, there were striking changes in the fatty acyl chain as well as the polar head group composition of the membrane phospholipids. These led to alterations in membrane fluidity (15) . In the study reported here, we used freeze-fracture electron microscopy to examine ultrastructural alterations produced by dibucaine treatment of ergosterol-replaced Tetrahymena cells. ergosterol-replaced cells. On the PF face, depressed areas without IMPs were formed (Fig. 3a) , whereas the IMP-free areas on the EF face were elevated toward the inside of the cell (Fig. 3b) . These IMP-free, round depressed areas (130-190 nm in diam.) on the PF face of the plasma membrane were in close contact with the underlying outer alveolar membrane (Fig. 3c) . In contrast, IMP-free protrusions were present on the EF face of the plasma membrane (Fig. 3d) , some of which could be observed through the "windows" of the cross-fractured PF face of the outer alveolar membrane (arrows). Our previous study (28) showed that dibucaine-treated native membranes undergo vertical displacement of their IMPs which results in a smooth flat area. These findings show that the dibucaine-induced alteration of ergosterol-replaced membranes differs markedly in appearance from that of the tetrahymanol-containing membranes. In some cases, surface membranes in the ergosterol-replaced cells showed more drastic alterations, such as the appearance of large IMP-free in which the small vesicular depressions were generated on both the PF face of the plasma membrean and the EF face of the outer alveolar membrane (Fig. 4a) . In contrast, protrusions similar sizes were present on both the EF face of the plasma membrane and the PF face of the outer alveolar membrane (Fig. 4b) . Note that the arrangement of these vesicular depressions with uniform diameters of 90 nm, Were regular so that their hexagonal patterns are neatly constructed (Fig. 4) . These perturbed areas of the membrane tended to form "blebs", which retained numerous regularly arranged depressions and protrusions (Fig. 4c) . These surface "blebs" were pinched off from the membranes , when they became 0.4-1.5 ¦Ìm in diameter (Fig. 4d) . IMP-free membrane vesicles that had been pinched off from the plasma membrane also were seen in native Tetrahymena cells containing tetrahymanol, when treated with dibucaine, but not regularly arranged depressions or protrusions were present (Fig. 5a, b) . Seeman et al., (23) have demonstrated that anesthetic-induced membrane expansion accounts for the alteration in osmotic fragility. The formation of "blebs" by dibucaine probably is due to an osmotic imbalance in the cells.
The ciliary membranes have a smooth surface in dibucaine-treated native cells (Fig. 6a) . But, when ergosterol-replaced cells were treated with dibucaine, their ciliary membranes showed alterations composed of linearly arranged protrusions toward the outside of the cilia. This array of small pits (when seen on EF face) runs along the cilia for a distance of 80 nm between the arrays (Fig. 6b) . No such alteration was found for the mitochondria and nuclear membranes. When cells were treated with dibucaine at a low concentration (0.65 mM), no ultrastructural changes were seen on the surface membranes. In a previous study (15), we demonstrated that the replacement of membrane tetrahymanol by ergosterol induces a drastic alteration in the phospholipid composition of the ciliary and surface membranes shown by a marked increase in phosphatidylethanolamine with a compensatory decrease in phosphatidylcholine. Since the typical dibucaine-induced structural alterations were observed solely on the ciliary and surface membranes in ergosterol-replaced cells, we speculate that this drug interacts differently with ergosterol and tetrahymanol. The modified phospholipid composition must also be involved in membrane perturbation.
Papahadjopoulos (17) and Seeman (24) have suggested that the actions of local anesthetics on cell membranes are mediated via a specific interaction with the phospholipids in the membrane. The membrane lipid has been shown to have a crucial role in the control of membrane fluidity (8, 29) , there being several factors are involved in the maintenance of proper fluidity; the polar head group of the phospholipid, the acyl chain and sterols.
Indeed, a previous study (14) has shown that membrane fluidity in ergosterolreplaced Tetrahymena cells is lower than that of native cells. Hubbell et al. (7) reported that anesthetics induce changes in membrane fluidity and that this "fluidizing" effect is dependent on the concentration of anesthetic. In addition, Saeki et al. (21) and Nandini-Kishore et al. (13) have suggested that the nonpolar moiety of dibucaine is inserted parallel to the fatty acyl chains and affects the physical properties of the membrane of Tetrahymena cells. Therefore, the structural membrane alterations produced by dibucaine may be associated with the physical stage (membrane fluidity) of lipids in biological membranes, but the molecular events that accompany dibucaineinduced changes in membrane properties are unknown.
To gain more detailed information about the interactions of dibucaine with lipid- 
